Abstract We have measured acoustic V P and V S velocities of (Fe,Al)-bearing MgSiO 3 silicate glasses and an Icelandic basalt glass up to 25 GPa. The velocity profiles of the (Fe,Al)-bearing and basaltic silicate glasses display decreased V P and V S with minima at approximately 5 and 2 GPa, respectively, which could be explained by the mode softening in the aluminosilicate networks. Our results represent the first observation of such velocity softening extending into the chemically complex basaltic glass at a relatively low transition pressure, which is likely due to its degree of polymerization, while the Fe and Al substitutions reduce sound velocities in MgSiO 3 glass. If the velocity softening in the basaltic and silicate glasses can be used as analogs for understanding melts in Earth's interior, these observations suggest that the melt fraction needed to account for the velocity reduction in the upper mantle low-velocity zone may be smaller than previously thought.
Introduction
High-pressure-temperature (P-T) properties of silicate melts in the deep mantle are essential to understanding dynamic processes and chemical evolutions of the planet's interior [Stolper et al., 1981; Mysen et al., 1982; Abe, 1993; Sakamaki et al., 2013; Sanloup et al., 2013] . Of particular interest are properties of the melts and melt-bearing solids including viscosity, density, acoustic wave velocity, and chemical partitioning between melts and surrounding solids. Changes in these properties at high P-T can significantly affect our understanding of the characteristics of plate tectonics motion, the current style of mantle dynamics, as well as the thermal evolution and chemical differentiation of the deep Earth, especially in the early magma ocean [e.g., Mysen, 1983; Ohtani, 1985; Rivers and Carmichael, 1987; Abe, 1993; Webb, 1997; Stixrude and Karki, 2005; Karki and Stixrude, 2010; Murakami and Bass, 2011; Sanloup et al., 2013] . Previous experimental and theoretical studies have shown that silicate melts are typically less dense than the corresponding solids at upper mantle conditions, resulting in a buoyant melt ascending to the Earth's surface as igneous intrusions and plutons. However, at higher pressures relevant to lower mantle conditions, the density contrast between a silicate solid and a relevant silicate melt could be reversed due to the higher compressibility of the melt network as well as the preferential partitioning of heavier incompatible elements (e.g., Fe) into the melts relative to the surrounding solids [Stolper et al., 1981; Stixrude and Karki, 2005; Murakami and Bass, 2011; Nomura et al., 2011; Prescher et al., 2014] . Since studying physical and chemical properties of silicate melts at extreme P-T conditions of the deep mantle remains extremely challenging, silicate glasses have been commonly used as analogs for understanding properties of silicate melts in extreme environments [Williams and Jeanloz, 1988; Lee et al., 2008; Murakami and Bass, 2011] .
Previous experimental and theoretical studies have extensively explored structural, thermodynamic, and transport properties of the silicate glasses and melts with various cations and alumina contents including Ca, Mg, and Fe 3+ /ΣFe [e.g., Stolper and Ahrens, 1987; Stixrude and Karki, 2005; Shimoda and Okuno, 2006; Lin et al., 2007; Giordano et al., 2008; Lee et al., 2008; Mosenfelder et al., 2009; Karki and Stixrude, 2010; Sanloup et al., 2013; Wang et al., 2014] . On the other hand, studies on high-pressure elastic properties and acoustic velocities of silicate melts and glasses relevant to the deep-mantle conditions are scarce and have been mostly limited to SiO 2 and MgSiO 3 glasses [e.g., Suito et al., 1992; Zha et al., 1994; Murakami and Bass, 2011; Weigel et al., 2012; Ghosh et al., 2014; Sakamaki et al., 2014] . These studies have shown that silica and silicate glasses exhibit an elastic anomaly and a minimum incompressibility at approximately a few gigapascal (GPa), where the longitudinal and shear acoustic velocities (V P and V S ) as well as incompressibility decrease with increasing pressure [e. 
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and Bass, 2010; Sakamaki et al., 2014] . Such an abnormal elastic behavior has been proposed to be most likely due to significant local structural and topological modifications of the Si-O networks occurring through reductions in the ring sizes and collapses of interstitial void spaces [e.g., Tkachev et al., 2005; Walker et al., 2007; Sato et al., 2011; Shen et al., 2011; Weigel et al., 2012; Sakamaki et al., 2014; Wang et al., 2014] . The observation of the elastic anomaly also raises interests in knowing the sound velocity behavior in chemically complex silicate glasses and melts that are of geochemical relevance, including the basaltic melt composition in the deep crust and mantle conditions. To date, it remains unclear whether or not such sound velocity softening is present in silicate glasses and melts with relevant chemical compositions in natural environments; if such a velocity anomaly persists into the basaltic melt, it would significantly affect our understanding of the properties of melts in the deep Earth.
In this study, we report acoustic wave velocities and derived elastic parameters of four representative silicate glasses at high pressures, including .
High-Pressure Brillouin Spectroscopy
Each glass sample with a diameter of approximately 100 μm and a thickness of approximately 40 μm was loaded in a short symmetrical DAC having a pair of 500 μm culets. A rhenium gasket with an initial thickness of 250 μm was preindented to approximately 60 μm thick with a hole of 250 μm in diameter drilled in it to be used as the sample chamber. Ne was used as the pressure medium, while two ruby spheres were also loaded next to the sample and were used as the pressure gauge ; pressure uncertainties (±1σ) were calculated using multiple measurements of the ruby fluorescence spectra before and after each BLS measurement. High-pressure Brillouin measurements were conducted in the symmetric (platelet) scattering geometry using the JRS Fabry-Perot interferometer equipped with an avalanche photodiode detector (Count-10B Photo Counting Module with approximately 5 c/s from Laser Components, Inc.) and a Coherent Verdi V2 laser with a wavelength of 532 nm having a focused beam size of approximately 20 μm in diameter at the Mineral Physics Laboratory of the University of Texas at Austin [Lu et al., 2013] . The symmetric geometry relates the measured frequency shifts to the acoustic velocities (V P and V S ) without the need for 
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knowing the refractive index [Whitfield et al., 1976] . The scattering angle of the Brillouin system was calibrated using known velocities of distilled water and standard SiO 2 glass at ambient conditions [Mao et al., 2012; Lu et al., 2013] . The precision of the determined velocities of the glass samples at high pressures is typically better than 0.5% in our measurements. Representative Brillouin spectra collected in these glass samples up to approximately 25 GPa and room temperature are displayed in Figure 1 and Figure S1 in the supporting information. The acoustic velocities (V P and V S ) were determined through Gaussian function fitting to the acoustic peaks using the OriginLab Pro 9.0 program ( Table S2 in the supporting information).
To examine the possible presence of crystalline phases in our samples at ambient conditions and upon compression, Raman spectra were also recorded from the same samples at every 5 GPa pressure step. These Raman spectra at high pressures exhibit similar spectral features to previous reports for MgSiO 3 glass [Hemley et al., 1986; Kubicki et al., 1992] ; no distinct Raman peak for the crystalline phase of SiO 2 and MgSiO 3 was detected within experimental pressures, ruling out the possibility of the presence of crystalline phases in our samples at high pressures.
Results and Discussion
The measured acoustic velocities of the glasses were used to derive other thermoelastic parameters including the Poisson's ratio (ν), the bulk sound velocity (V Φ ), density (ρ), and adiabatic bulk modulus (K) and shear modulus (G) and their pressure derivatives (K and G′), using third-order finite strain equations 
(see supporting information for details) (Figures 2-4 and
Figures S2-S4 in the supporting information). Since the derivation of the K and G moduli at high pressures typically requires the use of the known density of the glass as an input parameter (which was not measured directly in this study), here we have followed the modeling procedure developed previously in order to derive these parameters Weigel et al., 2012; Sakamaki et al., 2014] . Briefly, the ν and V Φ values were directly calculated from the measured acoustic V P and V S velocities of each silicate glass sample, whereas the pressure-dependent density was calculated through iterated integration of the V Φ as a function of pressure using the density at ambient conditions as the initial input parameter. The K and G values can then be determined using measured acoustic velocities and modeled density at corresponding pressures. Finally, these values were used as input parameters for the fitting using the third-order finite strain equations via the least squares regression method in order to derive these elastic parameters (see supporting information for more details). The modeled elastic parameters and density profile of the MgSiO 3 glass are reasonably consistent with the results in a previous study .
The measured V P and V S velocities as well as the derived thermoelastic parameters of the glasses up to 25 GPa clearly show two distinct regions with significant changes as a function of pressure ( Figure 2 ). The V P and V S velocities of the glasses slightly decrease with increasing pressure up to 2-5 GPa; such velocity softening is much more pronounced in the V S velocities than the V P velocities. The V P and V S velocities then increase with increasing pressure after the softening transition with the V P and V S minima. The derived K, G, and ν of the glasses also exhibit similar abnormal behavior at high pressures. The observation of the velocity softening in the V P and V S of the MgSiO 3 glass at approximately 5 GPa is consistent with previous observations [Zha et al., 1994; Tkachev et al., 2005; , although first-principle molecular dynamic simulations on the MgSiO 3 glass did not show any visible velocity anomaly at pressures up to The comparison of the velocity profiles of the silicate and silica glasses before the softening region shows that the end-member MgSiO 3 glass generally displays the highest acoustic velocities among all silicate glasses investigated here at high pressures (Figure 2 ), whereas the silica glass has the lowest-velocity profiles [Zha et al., 1994] . That is, the cation substitution of Fe, Al, and Ca into the MgSiO 3 glass reduces the sound velocities at ambient conditions ( Figure 2 and Figure S3 in the supporting information). Prior to the completion of the velocity softening in MgSiO 3 silicate glasses, the substitution of 10 mol % Fe in MgSiO 3 glass decreases the V P , V S , and V Φ by approximately 3-4%. The comparison of the velocity profiles of the Mg 0.9 Fe 0.1 SiO 3 and (Fe,Al)-bearing silicate glasses shows that the substitution of 10 mol % alumina into the Fe-bearing glass (10 mol % Fe) slightly increases the sound velocities by less than 1% (the experimental uncertainty in this study is approximately 0.5%). That is, the effect of adding alumina onto Fe-bearing MgSiO 3 glass has a relatively small effect on the elasticity of MgSiO 3 glass before the velocity anomaly transition. Overall, these observations show that higher SiO 2 content in the glass produces lower acoustic velocities, whereas the higher MgO content enhances the velocity profiles.
The Icelandic basalt glass has the most complex chemistry among all glasses studied here as it contains 47.96 wt % SiO 2 , 9.70 wt % MgO, 10.40 wt % FeO + Fe 2 O 3 , 15.50 wt % Al 2 O 3 , and 13.30 wt % CaO. Although the basaltic glass displays slower velocities than other silicate glasses at ambient conditions, its velocity profiles are significantly enhanced at high pressures after the softening transition, likely due to the incorporation of the large Ca 2+ cations that cause a greater disorder in the local structural environment [Stebbins et al., 1997] .
We should note that the spin and valence states of Fe 2+ and Fe 3+ in the Fe-bearing and (Fe,Al)-bearing glasses remain highly debated and their effects on the elasticity of silicate glasses will need to be further considered in future studies [Nomura et al., 2011; Mao et al., 2014; Prescher et al., 2014] . On the other hand, high-pressure acoustic velocities of garnetite with a chemical composition similar to the mid-ocean ridge basalt (MORB) glass have been reported by Kono et al. [2012] using ultrasonic measurements. However, the sintered garnetite sample was produced from a synthetic MORB glass containing majorite and stishovite crystals with grain sizes in the range of 0.5-1.0 μm in diameter. These results showed that the measured V P is 13% higher than that of the Icelandic basalt glass studied here. The large velocity difference between these studies of samples having similar chemical compositions may be explained by the presence of crystalline phases in the sample used by Kono et al. [2012] , because amorphous glasses tend to exhibit relatively lower sound velocities than their crystalline counterparts [Zha et al., 1994; Murakami and Bass, 2011; Ghosh et al., 2014] . The elasticity of the glasses above the softening regime actually behaves quite differently from that before the transition (Figures 2-4) . After the velocity softening, the substitution of 10 mol % Fe in the MgSiO 3 glass reduces the velocity of the MgSiO 3 glass by approximately 2-4%. In contrast, the sound velocities of the (Fe,Al)-bearing silicate glass continuously deviate from that of the MgSiO 3 glass and exhibit lower-velocity profiles by approximately 4-8%. These observations suggest that the additions of both FeO + Fe 2 O 3 and Al 2 O 3 can reduce the sound velocities of the MgSiO 3 glass and that adding 10 mol % Al into the Fe-bearing glass contributes an additional~4% reduction in the acoustic velocities of the Fe-bearing silicate glass at a given pressure of 15 GPa. We note that the discrepancy in the pressure-velocity profiles between the MgSiO 3 glass studied here and the vitreous MgSiO 3 -enstatite reported previously is likely due to the presence of an extra 6 mol % SiO 2 in the vitreous MgSiO 3 -enstatite glass sample. Additionally, SiO 2 glass exhibits higher V P and V S values than the silicate glasses at pressures above approximately 20 GPa. Such high-velocity profiles may be interpreted as a result of the electronic bonding transition from the quartz-like (fourfold coordinated) to stishovite-like (sixfold coordinated) local structures in the silica glass [Lin et al., 2007; Lee et al., 2008] . That is, the increase in the coordination number in the silica and silicate glasses can significantly enhance their velocity profiles.
Prior to the completion of the elastic anomaly, the pressure derivatives of the bulk and shear moduli are less than 2 and 0.5, respectively; after the anomaly, their values become much larger, reaching approximately 6 and 2, respectively (Table S3 in the supporting information). That is, the bulk and shear moduli as a function of pressure are very flat with minimal changes before the elastic anomaly but rapidly increase with increasing pressure after the transition. Fe substitution moderately decreases both moduli by approximately 5% and has a negligible effect on their pressure derivatives. On the other hand, Al substitution enhances both moduli by 2-3% but slightly reduces the pressure derivatives of the moduli (Table S3 in the supporting information). The calculated density-pressure profiles of all silicate glasses studied here did not show abrupt discontinuities within the pressure range of the velocity softening, consistent with previous studies [Sanchez-Valle and Bass, 2010] ( Figure S4 in the supporting information) . The Poisson's ratio of the basaltic and silicate glasses displays a jump across the velocity softening. However, the experimentally determined Poisson's ratios of all silicate glass samples are all similar to each other within experimental uncertainties, indicating that there is nearly no appreciable compositional effect on the Poisson's ratio in these silicate glasses (Figure 4) . We note that the incompressibility anomaly of silica and MgSiO 3 glasses has been experimentally observed at approximately 5 GPa in previous ultrasonic and Brillouin scattering studies [e.g., Suito et al., 1992; Zha et al., 1994; . Such anomalous velocity softening behavior has been explained as a result of the collapse of interstitial voids as well as the topological rearrangement of the silicate network including the mutual rotation of the local SiO 4 tetrahedra and bending of the Si-O-Si bond [Hemley et al., 1986; Meade and Jeanloz, 1987; Funamori et al., 2004; Sato et al., 2011; Shen et al., 2011; Weigel et al., 2012] . In contrast, theoretical calculations have showed that the acoustic velocities of the MgSiO 3 glass monotonically increase with increasing pressure without any visible anomaly and that the incompressibility is much lower than that of the experimentally observed values [Shimoda and Okuno, 2006; Ghosh et al., 2014] . These discrepancies between computational and experimental values may be due to the frequency-dependent effect on the elasticity, since the relaxed bulk modulus at low frequency (Hz) in theoretical calculations is expected to be lower than the unrelaxed modulus at high frequency (GHz) in experimental measurements [Rivers and Carmichael, 1987; Meade and Jeanloz, 1987] .
The difference in the transition pressures between the basaltic glass and (Fe,Al)-bearing silicate glasses studied here indicates that the substitution of the relatively large Ca 2+ cation (13.3 wt % CaO in the sample) having sixfold and sevenfold coordinated sites plays a significant role in the high-pressure elastic behavior of the glasses [Cormier and Cuello, 2013] . Ca 2+ can act as a modifying cation that breaks up the threedimensional Si-O-Si network, promoting the ion mobility (diffusion) and lowering the melt viscosity [Williams and Jeanloz, 1988] . The low-pressure elastic softening phenomena have been commonly observed in typical oxide glasses containing short-range covalent bonds [Mysen, 1983] . The elastic anomaly at approximately 2 GPa may be associated with the degree of polymerization in silicate glass, which is closely related to composition and the ratio of nonbridging oxygen to tetrahedral cations (T) according to the random network model [Mysen et al., 1982] . Sakamaki et al. [2014] have demonstrated that the sound velocity softening in jadeite, albite, and diopside glasses was caused by the rapid shrinkage of their intermediate-range, locally ordered structures.
Geophysical Implications
The most compelling observation in our study is that the velocity softening occurs not only in the MgSiO 3 glass but also in chemically complex silicate glasses such as the Icelandic basaltic glass at pressures corresponding to the upper mantle low-velocity zone at a depth of approximately 60-220 km, where low seismic velocities, low viscosity, and high electrical conductivities have been observed [e.g., Hier-Majumder and Courtier, 2011; Sifre et al., 2014] . It should be noted that the velocity anomaly of silicate glasses observed here occurs at the pressure range similar to the viscosity anomaly in basaltic/silicate melts and that both anomalies are likely associated with local structural changes upon compression [Liebske et al., 2005; Sakamaki et al., 2013; Sakamaki et al., 2014; Wang et al., 2014] . Sakamaki et al. [2013] and Wang et al. [2014] have further investigated local structures and viscosity properties of silicate/basaltic melts up to~7 GPa at approximately 1800-2100 K. Specifically, Sakamaki et al. [2013] have found that the changeover in the viscosity behavior for a basaltic magma occurring at approximately 4.5 GPa and 2000 K is accompanied by local structural changes. Suzuki et al. [2005 Suzuki et al. [ , 2011 have studied the P-T-dependent viscosity of silicate melts in the CaMgSi 2 O 6 -NaAlSi 2 O 6 (diopside-jadeite) system and have found that silicate melt containing 50% diopside-50% jadeite composition displays a changeover in viscosity at 2.5 GPa and 1650 K and at 3.5 GPa and 2073 K. On the other hand, the acoustic velocity of the diopside-jadeite glasses exhibits a minimum at approximately 4-6 GPa and 300 K.
It is thus conceivable that the acoustic softening behavior observed in the silicate/basaltic glasses can also occur in silicate melts at high P-T, which can then affect our understanding of the velocity behavior of silicate 8837 melts in the upper mantle low-velocity zone. If the sound velocity softening occurs in the incipient melts present in the upper mantle low-velocity zone, the melt fraction needed to account for the velocity reduction in the region may be less than previously proposed. The relatively low partial melt scenario implied here may help resolve the dilemma between the elevated melt volume fractions and the relative low temperatures (or viscosity/density-driven melt drainage processes) prevailing in the upper asthenosphere [Hermance and Grillot, 1974; McKenzie et al., 2005; Kawakatsu et al., 2009; Hier-Majumder and Courtier, 2011; Sakamaki et al., 2013; Sifre et al., 2014] . Future high P-T experimental data on sound velocities of silicate/basaltic melts are urgently needed to better understand the role of silicate melts relevant to the LVZ. (EAR-1446946) , Energy Frontier Research in Extreme Environments, and Center for High Pressure Science and Advanced Technology (HPSTAR). The Brillouin Light Scattering system was built using financial supports from Carnegie-DOE Alliance Center and Jackson School's Instrumentation Matching Fund. Data used in this study are available from the corresponding author (Jin Liu, e-mail: jinliu@utexas.edu) upon request.
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1. The file of Auxilliary_Material.doc includes related mathematical formulas, two supplemental 12 tables, and four supplemental figures: 13 1.1 Table S1 . Chemical compositions of the basaltic glass and synthetic silicate glasses. 14 1.2 Table S2 . Acoustic velocities and density of the glasses at high pressure. 15 1.3 Table S3 . Bulk and shear modulus of the glasses at ambient conditions and the pressure 16 derivatives of the moduli. 17 1.4 Figure S1 . Representative Brillouin spectra of the glasses at ambient conditions. 18 1.5 Figure S2 . Bulk sound velocities of the glasses as a function of pressure. 19 1.6 Figure S3 . Velocity differences using MgSiO3 glass as the standard at high pressure. 20 1.7 Figure S4 . Density and relative change in density of the glasses at high pressure. 21 2
Mathematical formulas 22
The bulk sound velocity (VΦ) and Poisson's ratio (ν) are directly calculated from measured acoustic 23 velocities using the following equations: used the third-order finite strain equations to model the compressional acoustic and equation of 38 state behavior of the glasses at high pressures . The finite-strain 39 equations used here are expressed in the following equations : 40 2 5 2 12
(1 2 ) ( )
where the strain ε is given by:
and the coefficients are defined as: 58 Table S1 . Chemical compositions of the Icelandic basaltic glass and synthetic silicate glasses. 69
The compositions listed are based on electron microprobe analyses, with the unit of wt% in the 70 
